
Dynamic activation and regulation of the
mitogen-activated protein kinase p38
Ganesan Senthil Kumara, Michael W. Clarksona, Micha B. A. Kunzeb, Daniele Granatab, A. Joshua Wandc,
Kresten Lindorff-Larsenb, Rebecca Pagea, and Wolfgang Petia,1

aDepartment of Chemistry and Biochemistry, University of Arizona, Tucson, AZ 85721; bDepartment of Biology, University of Copenhagen, 2200
Copenhagen, Denmark; and cJohnson Research Foundation, Department of Biochemistry and Biophysics, University of Pennsylvania Perelman School of
Medicine, Philadelphia, PA 19104

Edited by G. Marius Clore, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, MD, and approved March
26, 2018 (received for review December 8, 2017)

Mitogen-activated protein kinases, which include p38, are essen-
tial for cell differentiation and autophagy. The current model for
p38 activation involves activation-loop phosphorylation with sub-
sequent substrate binding leading to substrate phosphorylation.
Despite extensive efforts, the molecular mechanism of activation
remains unclear. Here, using NMR spectroscopy, we show how the
modulation of protein dynamics across timescales activates p38.
We find that activation-loop phosphorylation does not change the
average conformation of p38; rather it quenches the loop ps-ns
dynamics. We then show that substrate binding to nonphosphory-
lated and phosphorylated p38 results in uniform μs-ms backbone
dynamics at catalytically essential regions and across the entire
molecule, respectively. Together, these results show that phos-
phorylation and substrate binding flatten the energy landscape
of the protein, making essential elements of allostery and activa-
tion dynamically accessible. The high degree of structural conser-
vation among ser/thr kinases suggests that elements of this
mechanism may be conserved across the kinase family.
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Mitogen-activated protein kinases have evolved to transduce
environmental and developmental signals into adaptive

and programmed responses such as differentiation, inflammation,
and apoptosis. The importance of these processes is well-illustrated
by the many inherited or acquired human diseases that stem from
abnormalities in MAPK-signaling pathways, including Parkinson’s
disease, inflammatory disorders, and cancer. p38α (MAPK14;
α-isoform; 360 aa; 41.3 kDa; hereafter referred to as p38) is one
of the best structurally and biologically characterized MAPKs
(Fig. 1A) (1, 2). It adopts a typical kinase fold, including N-
(residues 1–105) and C-terminal lobes (residues 114–316) that
are connected via a hinge (residues 106–113). The N-terminal
lobe mediates ATP binding, while the C-terminal lobe both
facilitates effector/substrate binding at the kinase interaction
motif (KIM- or D-motif) binding site and has a known allosteric
ligand-binding pocket in the MAPK-specific insert. Based on
hundreds of p38 crystal structures (>200 PDB entries), the
widely held view is that p38 activation is achieved by phos-
phorylation of its activation loop, an event that results in a rigid-
body rotation of the N- and C-terminal lobes by 5–10° and is argued
to facilitate phosphoryl transfer (3, 4). However, structures of
nonphosphorylated and phosphorylated p38 in complex with a
peptide from the mitogen-activated protein kinase MKK3b, an
enzyme which activates p38 by phosphorylating its activation loop, is
not consistent with this view, and it has become clear that additional
factors are likely necessary to activate p38 (5–7).
The emerging view is that enzymes, including kinases, require

not only conformational changes but also dynamic events to
perform their functions (8–13). Some of these events are re-
quired for catalysis and some, for a subset of enzymes, are re-
quired for the allosteric control of the catalytic cycle. However,

the “rules” for motion (conformational entropy) and the dy-
namical transmission of allostery in enzymes are only beginning
to be established. Initial studies on p38 and related kinases by us
and others have suggested that dynamic conformational rear-
rangements are critical to the basic function and regulation of
this important class of enzymes (8, 14). However, a detailed
understanding of how p38 dynamics are correlated with activity
and regulation is unknown.
Because the physical basis for MAPK activation is key to un-

derstanding its role in cellular signaling in human biology and
disease, we initiated a comprehensive effort to determine how
the 15N backbone fast timescale (ps-ns) and intermediate time-
scale motions (μs-ms) of p38 control its regulation and activity.
Our NMR dynamics data reveal that phosphorylation of the
p38 activation loop leads to increased rigidity of the this loop in
the fast timescale (ps-ns), but, unexpectedly, does not lead to a
change in the relative position of the N- and C-terminal lobes in
solution; i.e., they do not close about the active site. This dem-
onstrates that the molecular basis for the activation of p38 by
phosphorylation occurs by a different mechanism. Using
constant-time Carr–Purcell–Meiboom–Gill (ct-CPMG) NMR
dynamics measurements, we then showed that μs-ms motions are
coordinated by substrate binding to the KIM-motif–binding site,
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which induces allostery between the KIM and the hinge region
that connect the N- and C-lobes. However, it is only when both
KIM-binding and activation-loop phosphorylation are present
that uniform μs-ms dynamics in p38—allowing for coordinated
recruitment of ATP—is achieved. Thus, the data show that the
changes in the dynamics of p38 shift the energy landscape to
orchestrate a synchronized activation of p38 and, in turn, make
essential elements of allostery and activation dynamically possible.
Together, these data not only provide fundamental insights into
the mechanism of MAPK activation, but can also now be lever-
aged to develop therapeutics that target p38 kinase dynamics.

Results
Activation-Loop Phosphorylation Does Not Change the Average
Conformation of p38. To better understand the dynamical and
structural basis for the activation of p38 by phosphorylation we
studied five primary states of the p38 protein by an array of
biophysical methods: (i) np-p38, nonphosphorylated p38; (ii) dp-
p38, doubly phosphorylated p38; (iii) np-p38·MKK3bKIM, the
binary complex between a canonical KIM peptide and non-
phosphorylated p38; (iv) dp-p38·MKK3bKIM, the doubly phos-
phorylated counterpart; and (v) dp-p38·MKK3bKIM·AMP-PNP,
AMP-PNP–bound dp-p38·MKK3bKIM (Fig. 1 B–F). The canon-
ical KIM peptide (MKK3bKIM) corresponds to the KIM-binding
sequence of the MKK3b kinase and was chosen because the
corresponding crystal structures are available.
Two-dimensional [1H,15N] transverse relaxation optimized

spectroscopy (TROSY) spectra of p38 in these multiple func-
tional states are of excellent quality, allowing for the compre-
hensive analysis (334 amide H-N reporters) of the structural and
dynamical aspects of p38 activation and regulation (15) (SI Ap-
pendix, Fig. S1). MKK3bKIM binds np- and dp-p38 with similar
dissociation constants (KD ∼ 5 μM) (SI Appendix, Figs. S2 and
S3 and Table S1). Phosphorylation of Thr180 and Tyr182 was

achieved in vitro using MKK6. The 2D [1H,15N] TROSY spec-
trum of dp-p38 showed only local chemical-shift perturbations
(CSPs) near the phosphorylated residues (Fig. 1G). This indicates
that p38 phosphorylation does not result in a rigid-body rotation
around the hinge region in solution, an observation consistent with
data reported for methyl-labeled p38 (additional information in SI
Appendix, Fig. S4) (16).

Dual Phosphorylation Quenches Activation-Loop ps-ns Dynamics. It is
now recognized that protein dynamics forms an integral part of
enzyme function (8–13). To gain further insight in the role of
dynamics in p38 activation, we characterized fast ps-ns motion
on the backbone in various states using NMR relaxation mea-
surements. The 15N-backbone dynamics of np-p38 are uniform
throughout p38, with three regions showing increased flexibility:
the glycine-rich loop (residues 30–40), the hinge region (residues
100–120, connecting the N- and C-lobe), and the activation loop
(residues 172–183). Phosphorylation of p38 leads to a change in
the ps-ns dynamics (Fig. 1 H and I and SI Appendix, Fig. S5),
where the activation loop becomes as rigid as to become indis-
tinguishable from the rest of the p38 backbone, while the glycine-
rich loop and the hinge region are unchanged; i.e., they stay
flexible in dp-p38. Furthermore, a plot of R2/R1 vs. p38 residue for
np-p38 and dp-p38 confirms that phosphorylation leads to a re-
duction of fast timescale dynamics (SI Appendix, Fig. S6). The ad-
dition of the MKK3bKIM peptide to np- and dp-p38 does not alter
p38’s fast dynamics; i.e., they mirror those of np- and dp-p38, re-
spectively (SI Appendix, Figs. S7 and S8). This shows that while
phosphorylation of the activation-loop residues influences the fast
timescale backbone dynamics of p38, KIM binding does not.

Nonphosphorylated p38 Has Heterogeneous Dynamics in the μs-ms
Time Regime. Enzymatic reactions can have catalytic turnover
rates that correlate with protein dynamics in the μs-ms timescale

A
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I

Fig. 1. Phosphorylation affects fast timescale dynamics at the activation loop. (A) p38 adopts a typical kinase fold with an N- and a C-terminal lobe. Gly-rich
loop, KIM-binding site, hinge, activation loop, and the MAPK-specific insert are highlighted. (B–F) Cartoon representation of the p38 states investigated in
this work: (B) np-p38, (C) dp-p38, (D) np-p38·MKK3bKIM, (E) dp-p38·MKK3bKIM, and (F) np-p38·MKK3bKIM·AMP-PNP. Activation loop (green), KIM-peptide
(dark blue), and AMP-Mg+2

–binding sites (sticks) are highlighted. (G) Chemical-shift perturbations (CSP) upon activation-loop phosphorylation vs. residue
number. (H) The 15N longitudinal relaxation rates (R1) and (I) transverse relaxation rates (R2) for np-p38 (black) and dp-p38 (red) vs. residue number. The Gly-rich
loop (blue), hinge (cyan), and activation loop (green) are highlighted.

4656 | www.pnas.org/cgi/doi/10.1073/pnas.1721441115 Kumar et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721441115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721441115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721441115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721441115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721441115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721441115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721441115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721441115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721441115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1721441115


(17–19). This correlation has been previously used to unravel
how enzymes function (14, 20, 21). We thus examined the nature
of slower motions in the major states of p38 using 15N constant-
time Carr–Purcell–Meiboom–Gill (ct-CPMG) relaxation dis-
persion experiments (22), which probe motions in the μs-ms
timescale. Residues undergoing μs-ms conformational exchange
dynamics show changes in the effective relaxation rate R2 (R2,eff),
which was measured as a function of the repetition frequency
(νCPMG). Plots of R2,eff vs. νCPMG show a curvature for residues
exhibiting μs-ms timescale dynamics. Fitting these curves to a two-
state model (Carver–Richards) allows the populations (pA and pB)
and the exchange rates (kex) to be extracted. To determine the
kinetic and thermodynamic parameters defining the interconver-
sion of states connected by motion on the μs-ms timescale, 15N ct-
CPMG dispersion profiles were obtained at two magnetic fields
(11.7 and 19.96 T).
All states of p38 displayed numerous residues having confor-

mational exchange dynamics on the μs-ms timescale. Importantly,
while individual sites can generally be fitted with a two-site ex-
change model, it was impossible to globally fit the observed dis-
persion profiles to a single two-state model. This simply indicates
the presence of a heterogeneous dynamic profile. Next we con-
sidered the possibility that p38 has multiple clusters of residues
that follow similar exchange dynamics. To avoid overfitting, we
clustered using the Bayesian Information Criterion (BIC, ref. 23).
Applying this analysis to np-p38 identified multiple clusters with
exchange motions >2,500 s−1 (Fig. 2A and SI Appendix, Fig.
S9 and Table S2). Most of these clusters did not form a contiguous
group within np-p38, i.e., residues that are either in proximity
based on p38 primary or tertiary structure, or based on function-
ally important regions. Furthermore, many residues showed in-
termediate exchange dynamics that did not conform to one of
these dynamic groups of residues. This shows np-p38 has hetero-
geneous dynamics in the μs-ms time regime. To establish the ro-
bustness of the simultaneous cluster selection and Richard–Carver
equation fitting, we calculated reduced χ2 (χ2ν) surfaces (SI Ap-
pendix, Fig. S10, Table S3, and SI Methods). The χ2ν showed that this
approach identifies the statistically relevant groups in a statistically
robust manner.

Allostery Between the Activation Loop and the Hinge Region Is
Mediated by Intermediate Exchange Dynamics. Strikingly different
results are obtained from the BIC analysis for np-p38·MKK3bKIM
(Fig. 2B and SI Appendix, Fig. S11 and Table S2). A single large
cluster of p38 residues was identified that includes residues from
the p38 activation loop, the hinge region, and the N-terminal
lobe, as well as p38 residues near the MAPK-specific insert
motif. A number of additional, though smaller, clusters of residues
with statistically similar exchange behaviors were also identified.
Most importantly, the binding of MKK3bKIM dynamically links the
activation loop with the hinge region and the N-terminal lobe. The
CSP analysis of MKK3bKIM binding to np-p38 showed excellent
agreement with the binding interface detected in the np-p38:
MKK3bKIM crystal structure (5). Notably, no CSPs were identi-
fied in the N-terminal loop, the hinge regions, and the activation
loop, indicating that the MKK3bKIM peptide-binding allostery
between the activation loop and the hinge region is largely medi-
ated by intermediate exchange dynamics and not conformational
changes in p38 (Fig. 2 C and D).

Unlike ERK2, Phosphorylation of the p38 Activation Loop Does Not
Lead to Global Changes in Conformational Exchange Dynamics.
Phosphorylation of p38 also changes the dynamics in the μs-ms
timescale (Fig. 3A and SI Appendix, Fig. S12 and Table S2). Four
clusters of residues in dp-p38 exhibited a more coherent struc-
tural and functional proximity than those of np-p38, but much
less than the np-p38·MKK3bKIM complex. Strikingly, the cluster
that connects the p38 activation loop, the hinge region, and the
N-terminal lobe in np-p38·MKK3bKIM was lost in dp-p38. This
contrasts with the dynamics observed for the MAPK ERK2,
where activation-loop phosphorylation leads to global changes in
conformational exchange dynamics (8).

Activation-Loop Phosphorylation Coupled with KIM Binding Synchronizes
p38 Intermediate Exchange Dynamics. We then studied the exchange
dynamics of dp-p38·MKK3bKIM. Remarkably, it was possible to fit a
large group of residues to a single exchange rate and population
using a global fit (kex = 1,826 ± 120 s−1; pB = 0.06 ± 0.02) (Fig. 3 B
andC and SI Appendix, Fig. S13 and Table S2). This cluster includes
all regions of p38 that have a functional, biological role, including
the N-terminal lobe, the hinge, the activation loop, and the C-terminal
lobe including the MAPK-specific insert. Hence, MKK3bKIM-
binding and activation-loop phosphorylation are necessary to
achieve uniform μs-ms dynamics throughout p38, in principle, en-
abling communication throughout the enzyme. Based on our data, it

A B C D

Fig. 2. KIM binding induces exchange dynamics beyond the peptide-bind-
ing site. Clusters of residues with uniform exchange dynamics (rates and
population), color coded on the basis of kex, are shown for (A) np-p38
(magenta, >2,500 s−1; cyan, >2,500 s−1; orange, 1,687 ± 134 s−1; and green,
1,452 ± 187 s−1) and (B) np-p38·MKK3bKIM (magenta, >2,500 s−1; cyan,
1,251 ± 68 s−1; and orange, 2,403 ± 332 s−1) (blue sticks/surface). Residues
that cannot be fit within a cluster in a statistically meaningful manner are
shown as black spheres. Number of residues in the largest clusters is shown.
(C) MKK3bKIM peptide binding (blue sticks/surface) leads to CSPs (beige) only
in the KIM-binding pocket, whereas residues beyond the KIM-binding
pocket cluster with uniform exchange dynamics (magenta spheres; includes
the KIM-binding pocket, the hinge, the N-terminal lobe, and the activation
loop). (D) Residues with μs-ms dynamics are highlighted (magenta) on the
histogram showing the 1H/15N CSPs of np-p38 upon MKK3bKIM binding vs.
residue number.

A B C

Fig. 3. Phosphorylation and KIM-peptide binding induces uniform ex-
change dynamics throughout p38. Clusters with uniform exchange dynam-
ics, residues color coded on the basis of on kex, in (A) dp-p38 (magenta,
1,304 ± 58 s−1; cyan, 1,649 ± 106 s−1; orange, 962 ± 98 s−1; and
green, >2,500 s−1) and (B) dp-p38·MKK3bKIM (magenta, 1,826 ± 80 s−1).
Residues that could not be fit within a cluster in a statically meaningful
manner are shown as black spheres. (C) Representative 15N ct-CPMG dis-
persion data (dp-p38·MKK3bKIM) for residues Thr106 (cyan), Asn159 (green),
Leu246 (orange), and Phe274 (blue); corresponding residues are highlighted
in B. The lines show cluster-fits to the Richard–Carver equation, and error
bars are derived from duplicate measurements.
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is likely that MKK3bKIM binding leads to a dynamic communication
between the hinge and the activation loop (as displayed in np-
p38·MKK3bKIM), whereas activation-loop phosphorylation, which
reduces the ps-ns fast timescale backbone motion of the activation
loop, enables a dynamic communication between the lobes. These
changes likely correspond to a refining of the local energy land-
scape, as large-scale motions that are exemplified by slow timescale
dynamics reshape (flatten) the energy landscape to include addi-
tional functional elements of p38. This flattening reduces the het-
erogeneity of motion and provides access to optimally functional
states. This ultimately allows for the synchronization of the dynamics
in p38 and the dynamic enzymatic activation of p38. This view can
be extended to p38 substrates beyond the particular KIM peptide
sequence used in this study, since they share highly conserved KIM-
binding motifs (SI Appendix, Fig. S14).

Synchronized μs-ms Dynamics of dp-p38·MKK3bKIM Is Lost upon AMP-
PNP Binding. A recent report showed that dp-p38·MK2peptide
complex has enhanced ATP binding (16), indicative of the al-
losteric nature of the system. To explore this, we examined the
dp-p38·MKK3bKIM·AMP-PNP ternary complex under saturating
conditions of the ATP analog (1:17 ratio). Many residues show
increased CSPs compared with CSPs in dp-p38 (SI Appendix,
Figs. S15 and S16), without a change in fast timescale backbone
dynamics (SI Appendix, Fig. S17). Furthermore, more than
12 residues are broadened beyond detectability in the 2D [1H,15N]

TROSY spectrum. We repeated the 15N ct-CPMG measurements
for dp-p38·MKK3bKIM·AMP-PNP. Unfortunately, severe exchange
broadening lowered the quality of the obtained data for dp-
p38·MKK3bKIM·AMP-PNP, and fewer residues were quantita-
tively assessed. Nevertheless, the remaining sites indicate that
AMP-PNP binding disrupts the coherent dynamics that were
present in dp-p38·MKK3bKIM (SI Appendix, Figs. S18 and S19 and
Table S2). This shows that both phosphorylation and substrate
binding are necessary to induce uniform exchange dynamics in
p38, which subsequently allows for the observed increased binding
affinity for AMP-PNP.

Discussion
Our study shows that activation of p38 is accompanied by
changes in fast and intermediate timescale dynamics that domi-
nate the lack of apparent structural changes. Further, we also
show that both p38 phosphorylation and KIM binding are nec-
essary to coordinate this dynamic activation (Fig. 4), which reflects
a manipulation of motions that control the energy landscape of
the p38 backbone upon a change in a functional state. Thus, in
contrast to previous reports suggesting that dynamics is necessary
for enzymatic activity, here motions are necessary for the control
of enzymatic activity through the step-wise assembly of an enzymatic
competent state of p38.
One outstanding question is how conserved this process is

for kinases generally. Here, we show that the motions of the

Fig. 4. Dynamic activation of p38. KIM-peptide binding (blue sticks/surface) leads to uniform μs-ms dynamics between the hinge and activation loop, while
the activation loop stays dynamic in the ps-ns timescale (yellow arrow). Phosphorylation (green balls) rigidifies the activation loop and, together with KIM-
peptide binding, manipulates the motions that regulate the energy landscape of p38.
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unphosphorylated state of p38 (np-p38) are uncorrelated and not
organized for catalysis. This observation is similar to that
reported for both np-ERK2 (8), a second MAP kinase, and PKA
(14), another ser/thr kinase (the dynamics of ERK2 and PKA
were studied using 13C methyl (Ile, Val, and Leu [ILV]) side-
chain dynamics experiments); namely, the dynamics of np-
ERK2 and PKA are also uncorrelated. However, while all three
kinases exhibit a similar lack of correlated motions in their in-
active states, the dynamics of p38 and ERK2 diverge upon
phosphorylation. Specifically, when ERK2 is dually phosphory-
lated in its activation loop (dp-ERK2), two independent clusters
of correlated motions on the μs-ms timescale are observed: one
cluster that connects the activation loop to the hinge region and
a second cluster within the MAP kinase insert region. In con-
trast, the μs-ms motions of phosphorylated p38 (dp-p38) are still
not correlated; rather, the only change observed upon p38
phosphorylation is a rigidification of the ps-ns motions in the
p38 activation loop. In the case of p38, it is only the addition of a
ligand (regulator or substrate) to either np-p38 or dp-p38 that
leads to correlated μs-ms motions. A further difference is that 13C
ILV methyl side-chain chemical-shift data show that phosphory-
lation of ERK2 leads to significant chemical-shift changes
throughout ERK2 and especially in the N-terminal lobe. This is
not observed in p38. Rather, 15N backbone chemical-shift data
show that phosphorylation of p38 results in only local chemical-
shift changes, namely, within the activation loop. Taken together,
these dynamics data show that the two MAPKs, ERK2 and p38,
are differentially activated.
In contrast, a comparison of the dynamics of PKA with that of

p38 shows that PKA is more similar to that of p38. Namely,
converting PKA into a binary (PKA:ATPɣ-C–bound) or to a
ternary state (PKA:ATPɣ-C:substrate–bound) not only coordinated
its dynamics, but did so with a global exchange rate (kex = 2,500 ±
300 s−1) comparable to that reported here for the dp-p38·
MKK3bKIM complex.
Reports have shown that protein dynamics can play a critical role

in modulating allostery (24). A report showed that cAMP binding to
the catabolite activator protein (CAP) induces dynamic allostery in
the absence of any conformational change (25). In a different report,
it was shown that the truncation of the C-terminal α-helix of a PDZ
domain leads to reduced-affinity peptide ligand binding, despite the
fact that the helix is not abutting the peptide-binding site (26). Fur-
ther investigation showed that truncation of the α-helix increased the
flexibility of the PDZ domain, leading to unfavorable conformational
entropy that led to a decrease in the binding affinity to the peptide.
Lisi et al. (27) showed that indole–3-glycerol–phosphate synthase is
dependent on millisecond conformational motions for efficient ca-
talysis. Using the example of calmodulin in complex with different
peptides it was shown that conformational entropy is correlated to the
overall binding entropy and hence the binding energetics of protein–
ligand interaction (28). Last, we have shown that PTP1B uses
dynamics to allow for allostery (13). Here, we have shown that
synchronized dynamics directly correlates with the p38 activity by
changing the energy landscape.
In summary, in contrast to previous reports suggesting that dy-

namics is necessary for enzymatic activity, for kinases it is clear that
dynamics control enzymatic activity through the step-wise assembly of
an enzymatic competent state. The high degree of structural conser-
vation among kinases suggests that elements of this assembly may be
conserved within the entire kinase family. Furthermore, the concept
that motions control the energy landscape of an enzyme to system-
atically control its activity may be a general strategy exploited by en-
zymes that require multiple coordinated events (phosphorylation and
substrate docking, among others) in order for catalysis to occur.

Materials and Methods
Extended materials and methods are included in SI Appendix.

NMR Spectroscopy.All NMR spectra were recorded at 293 K on either a Bruker
Avance II 500 MHz or a Bruker Avance IIIHD 850 MHz (1H Larmor) spec-
trometer both equipped with a TCI HCN z-gradient cryoprobe. NMR samples
were prepared in NMR buffer containing 10% (vol/vol) D2O. MKK3bKIM was
titrated with [2H,15N]-labeled np-p38 and [2H,15N]-labeled dp-p38 at in-
creasing molar ratios (one, two, four, and six) to generate a saturated
complex of p38 with MKK3bKIM, a ratio which was used for all subsequent
NMR relaxation measurements. Similarly, saturated complex of AMP-PNP
with various states of p38 (np-p38, dp-p38, np-p38·MKK3bKIM, and dp-
p38·MKK3bKIM) were generated by titrating increasing molar ratios of AMP-
PNP (5, 10, 12, 15, and 17) with the respective p38 states. Backbone
amide chemical-shift deviations were calculated using the formula: Δδav =
√(0.5((δHN,bound − δHN,free)2 + 0.04 (δN,bound − δN,free)2)). The sequence-specific
backbone resonance assignments of dp-p38 and dp-p38·MKK3bKIM states
were obtained using the combination of 2D [1H,15N] TROSY, 3D TROSY-
HNCA, 3D TROSY-HN(CO)CA, and 3D TROSY-HNCACB.

The 15N longitudinal (R1) and transverse (R2) relaxation rates and 15N[1H]-
NOE (hetNOE) measurements were acquired in an interleaved manner as
follows (29). T1 and T2 experiments were acquired at 850 MHz with a recycle
delay of 3 s between experiments and the following relaxation delays for T1:
101, 401, 401, 801, 1,201, 1,601, 2,001, 3,001, 3,001, and 4,001 ms; and T2: 3.6,
7.2, 14.4, 14.4, 18, 21.6, 25.2, 32.4, 32.4, 43.2, 54, and 72 ms. Relaxation delays
for data collected at 500 MHz are as follows: T1: 100, 500, 500, 800, 1,100,
1,400, 1,700, 2,000, 2,500, 3,000, and 3,000 ms; and T2: 3.6, 14.4, 14.4, 18, 21.6,
25.2, 28.8, 32.4, 32.4, 43.2, 54, and 72 ms. Two relaxation experiments
were repeated to determine an experimental error of the measurements. The
15N{H}-NOEmeasurements were determined from a pair of interleaved spectra
acquired with or without presaturation and a recycle delay of 5 s at 500 MHz.

Ct–Carr–Purcell–Meiboom–Gill (ct-CPMG) relaxation dispersion experi-
ments (22) were performed at 293 K using two magnetic field strengths
(500 and 850 MHz). The experiment was arrayed with different delays (2τ)
between 15N refocusing pulses, with a total time of 20 ms (Trelax). The ex-
periment was acquired with 12 different τ times corresponding to CPMG
frequencies of 0, 50, 100, 150, 200, 200, 300, 400, 500, 700, and 900 Hz. Two τ
times were collected in duplicate to determine the experimental measure-
ment error. The effective decay rate (R2,eff) was calculated by the equation
R2,eff = −1/T ln[I(νCPMG)/I0], where νCPMG = 1/4τ, 2τ being the interval between
successive 180 degree 15N refocusing pulses, and IνCPMG and I0 are the in-
tensities of peaks recorded with and without CPMG period, respectively. All
NMR data were processed and analyzed using NMRPipe (30) and Sparky (31,
32). The p38 concentration for all NMR measurements was 0.4 ± 0.1 mM.
Within experimental parameters, the concentration of all samples was kept
constant between different measurements to reduce possible effects on R2,eff
due to changes in solution viscosity or possible nonspecific aggregation.
All relaxation experiments were recorded using freshly prepared p38, and
MKK3bKIM peptide was carefully titrated to achieve full saturation. When
saturation was achieved (chemical shift of the peaks stopped changing),
additional MKK3bKIM peptide was added to ensure that all experiments
were performed under fully saturated conditions and thus that the observed
CPMG dispersions do not reflect the ligand on/off. The same approach was
used for AMP-PNP titrations.

CPMG Analysis. Initially, all p38 residues were fit individually to the Carver–
Richards equation for a system in two-state exchange using a Levenberg–
Marquardt algorithm. No particular clustering was evident from this approach.
Therefore, in an initial pass, residues adjacent to each other in sequence or
space were clustered together for the purpose of a mutual fit. The quality of a
group fit was assessed using the Bayesian Information Criterion (BIC) to com-
pare the group fit to the results of the individual fits using ΔBIC = BICgroup −
BICindividual. In this case, ΔBIC favors the group fit when it is more negative.
Residues were kept in groups that satisfied the following criteria: (i) the cu-
mulative ΔBIC for the group was negative and (ii) the ΔBIC for the individual
residue within the group was no greater than +1. Groups were subsequently
expanded by adding adjacent residues, residues with individual fit parameters
similar to the group parameters, and by unifying small groups with similar
dynamic parameters, so long as conditions i and ii were met.

No detailed rates were calculated for clusters with kex > 2,500 s−1. If pB =
0.5, it was classified as N.D., as this condition results from a set of residues in
fast exchange, where the population cannot reliably be separated from
(pApB)Δω2. No group of residues with BIC/residue values ≥ −6 was considered
statistically meaningful.
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